Protein-to-protein electron transfer (ET) is a critical process in biological chemistry for which fundamental understanding is expected to provide a wealth of applications in biotechnology. Investigations of protein-protein ET systems in reductive activation of artificial cofactors introduced into proteins remains particularly challenging because of the complexity of interactions between the cofactor and the system contributing to ET. In this work, we construct an artificial protein-protein ET system, using heme oxygenase (HO), which is known to catalyze the conversion of heme to biliverdin. HO uses electrons provided from NADPH/ cytochrome P450 reductase (CPR) through protein-protein complex formation during the enzymatic reaction. We report that a Fe III (Schiff-base), in the place of the active-site heme prosthetic group of HO, can be reduced by NADPH/CPR. The crystal structure of the Fe(10-CH2CH2COOH-Schiff-base)⅐HO composite indicates the presence of a hydrogen bond between the propionic acid carboxyl group and Arg-177 of HO. Furthermore, the ET rate from NADPH/ CPR to the composite is 3.5-fold faster than that of Fe(Schiffbase)⅐HO, although the redox potential of Fe(10-CH2CH2COOH-Schiff-base)⅐HO (؊79 mV vs. NHE) is lower than that of Fe(Schiffbase)⅐HO (؉15 mV vs. NHE), where NHE is normal hydrogen electrode. This work describes a synthetic metal complex activated by means of a protein-protein ET system, which has not previously been reported. Moreover, the result suggests the importance of the hydrogen bond for the ET reaction of HO. Our Fe(Schiffbase)⅐HO composite model system may provide insights with regard to design of ET biosystems for sensors, catalysts, and electronics devices.
D
esign of biological protein-protein electron transfer (ET) systems (1) (2) (3) (4) (5) (6) for the creation of artificial catalysis and bioelectronics devices for novel biosensors is a challenging objective (7) (8) (9) . Several researchers have made significant advances in construction of artificial ET biosystems by chemical modification of native cofactors (10) (11) (12) , substrates (13) , and enzymes (14) . For example, Gray and Winkler (6) reported that synthetic light harvesting metal complexes bound to metalloproteins can act as triggers of ET reactions. However, challenges remain for introduction of unnatural molecules into protein scaffolds in design of ET systems because of the challenges in understanding the complex noncovalent interactions contributing to ET processes.
Heme oxygenase (HO) is known to catalyze the conversion of heme to biliverdin. HO utilizes electrons provided from a NADPH͞cytochrome P450 reductase (CPR) system (Fig. 1A ) (15) . The first electron reduces the heme Fe(III) to Fe(II) to initiate the enzymatic reaction, which is followed by a second reduction of O 2 -ligated heme for the hydroxylation of the C ␣ atom of the heme (Fig. 1 A) . The electron flow has been proposed to proceed from NADPH to the heme iron atom of the of HO may be capable of accepting electrons from NADPH through CPR.
We have previously reported the replacement of heme in myoglobin with Schiff-base complexes as a novel method for the introduction of synthetic metal cofactors into protein scaffolds (18) (19) (20) . Importantly, the myoglobin crystal structures indicate that the Schiff-base complex in the heme cavity adopts an orientation similar to that of heme. In addition, stability and catalytic reactivity of the composites have been improved by modification of noncovalent interactions (19, 20) . Here, we report the molecular design of a protein-protein ET system wherein electrons are transferred from NADPH͞CPR to the Fe(Schiff-base) complex-reconstituted HO. Also reported are investigations of this system as a model for activation of unnatural metal cofactors in native protein-protein ET systems. The crystal structures of the composites show that the hydrogen bond between the Schiff-base ligand and Arg-177 in HO plays important roles in the ET reaction from NADPH͞CPR to the Fe(III) ion reconstituted in HO. The results provide us with previously undescribed concepts for design of hybrid electronics devices employing protein-protein complexes with unnatural cofactors.
Results and Discussion
Design of Fe III (Schiff-Base) Complexes. A Schiff-base ligand 1 was designed for reconstitution with HO as shown in Fig. 1B . The crystal structure of heme⅐HO shows that Arg-177 forms a hydrogen bond with the heme propionate-7 ( Fig. 2A) (21) . In general, the participation of heme propionates in hydrogen bonds with nearby residues provides stabilization of the hemeprotein composites (22) . Interestingly, the interactions are conserved in other HOs (23, 24) and are proposed to be important for the ET reaction with CPR (17) . Thus, we have introduced a propionate group at the C10 of 1, because the substituent in 1 is expected to interact with Arg-177 if His-20 ligates to the iron atom of 1. For the comparison, we have also prepared 2, in which a carboxylate group was introduced at the C10 position, and 3, which has no substituent (Fig. 1B) . The composites of the Schiff-base complexes and HO were reconstituted by using a modified method recently reported (18) . Melting points (T m ) of the composites obtained from the temperature dependence of the CD spectra are 39.2, 34.1, and 33.4°C for 1⅐HO, 2⅐HO, and 3⅐HO, respectively. The results suggest that the propionate in 1 is critical for improvement of the thermal stability of the composite.
Crystal Structures. The crystal structures of 1⅐HO, 2⅐HO, and 3⅐HO have been refined to 1.35-, 1.85-, and 1.75-Å resolution, respectively (see Supporting Text and Table 4 , which are published as supporting information on the PNAS web site). Two molecules exist in the asymmetric units of the crystals of each composite that can be superimposed with the root-mean-square (rms) deviations of backbone atoms of only 0.42, 0.44, and 0.42 Å for 1⅐HO, 2⅐HO, and 3⅐HO, respectively. The rms deviations of 1⅐HO, 2⅐HO, and 3⅐HO from heme⅐HO (21) are also only 0.54 (Fig. 3A) , 0.56, and 0.55 Å, respectively. The small deviation suggests that the conformations and orientations of the composites are almost identical to that of the heme within HO. The electron density maps of the active sites of the composites are shown in Fig. 2 B-D. Although the Fe(Schiff-base) complex reconstituted into apo-Mb retains a planar structure by the ligation of axial His and a water molecule (19) , Fe(III) in 1⅐HO exhibits distorted octahedral coordination geometry (Fig. 2B ). This structural perturbation in the active site of 1⅐HO is due to weak ligation of O(Glu-24) to the iron at a distance of 2.16 Å and noncovalent interactions of 1 with Gly-135, Gly-139, Phe-201, Asn-204, and Phe-208 (close contacts within 4 Å; Fig. 3 B and C) . These interactions are also observed in 2⅐HO and 3⅐HO, and the coordination geometries of 2 and 3 are almost identical to that of 1 in 1⅐HO (Fig. 2 C and D) . Thus, ligation of the O(Glu-24) to the iron atom and the noncovalent interactions are important factors that determine both the position and geometry of the Fe(Schiff-base) complex in the active site. In addition, the position of 1 in HO is almost identical to that of the native heme ( Fig. 3 D and E) . During the reconstitution of apo-Mb with heme, two binding modes of the heme are observed at an early stage (25) . Even for the heme⅐HO complex, a minor conformation has been reported in solution that is influenced by interactions of the two heme propionic acid groups (26) . In contrast, there is only one carboxylic acid in 1 and 2, making alternative binding modes unlikely to occur. With respect to the hydrogen bond of 1, each oxygen atom of the propionic acid of 1 shows hydrogen bonds with N 1 (Arg-177) and O(Tyr-130) ( Fig. 2B ) as observed in heme⅐HO (Fig. 2 A) (21) . On the other hand, one oxygen atom of the carboxyl group of 2 forms two hydrogen bonds with both of N 1 (Arg-177) and O(Tyr-130), which have the effect of directing the guanidine group of Arg-177 toward inside of the cavity (Fig. 2C) . are listed in Table 1 (see Fig. 5 , which is published as supporting information on the PNAS web site). The redox potential of 1⅐HO determined from the Nernst plot of the spectral change was Ϫ76 mV vs. normal hydrogen electrode (NHE). The potentials of 2⅐HO (Ϫ49 mV) and 3⅐HO (15 mV) also were obtained from their spectral changes. The trend is different from that of the metal complexes in N,N-dimethylformamide (DMF) [2⅐Cl(Ϫ16 mV) Ͼ 3⅐Cl(Ϫ58 mV) Ͼ 1⅐Cl(Ϫ59 mV) vs. NHE]. This result indicates that the midpoint potentials of 1⅐HO, 2⅐HO, and 3⅐HO are influenced by the surrounding protein environment, rather than the substituent effect on the ligand (6). The redox potential of cytochrome c was reported to be influenced by charge contribution of the heme 7-propionate (28) . Thus, we propose that the large negative redox potentials of Schiff-base complexes, 1 and 2, in HO could arise from the negative charge of carboxylate. These potentials are higher than that of FMN in CPR (Ϫ288 mV) (29) ; thus, they are expected to accept one electron from NADPH via CPR. All experiments were carried out in 10 mM Tris⅐HCl buffer (pH 7. (Fig. 2) . On the other hand, the O 2 consumption rates of 1⅐Cl, 2⅐Cl, and 3⅐Cl are 0.20, 0.44, and 0.39 times less, respectively, than their respective NADPH consumption rates. Decreased O 2 consumption suggests that the irreversible formation of -oxo dimer of Fe II (Schiff-base) inhibits the catalytic reaction (32) .
Role of the Hydrogen Bond on Arg-177. The thermal stability and redox reactions clearly indicate that the hydrogen bond of the Schiff-base ligand with Arg-177 influences the properties of the Fe(Schiff-base)⅐HO composites. Most interestingly, the order of reduction rate constants determined with NADPH͞CPR (k 2 ) is opposite to those of the redox potentials and reduction rate constants determined with Na 2 S 2 O 4 (k 1 ) ( Table 1) . Crystal structures of human (23), rat (24) , and Corynebacterium diptheriae (21) HOs indicate the presence of an invariant hydrogen bond between the guanido N 1 atom of Arg-177 (Arg-183 in human and rat HO) and the O atom of heme propionate-7 with the other N 2 atom exposed to the solvent (21) . Experiments with Arg-177 deleted mutants indicated that Arg-177 contributes significantly to maintaining the proper orientation of the heme within the active site and preserving the catalytic turnover of heme decomposition in the CPR catalyzed reaction (26, 33) . Further, Arg-177 has been identified as one of the most important residues for preserving the electrostatic interaction of the transient ET complex with CPR (17) . Thus, the exposed N 2 atom of Arg-177 is expected to play dual roles in binding and ET with CPR in a manner similar to that suggested for Arg-112 in P450cam (34) . In the case of Fe(Schiff-base)⅐HOs, 1 retains the hydrogen bond with Arg-177 ( Fig. 2 A and B) , indicating that 1 is capable of receiving an electron from CPR. On the other hand, Arg-177 in 2⅐HO is not exposed to the solvent because one oxygen atom of the carboxyl group of 2 forms two hydrogen bonds with N 1 (Arg-177) and O(Tyr-130) (Fig. 2C) , and 3 is lacking a hydrogen bond with Arg-177 (Fig. 2D) . Thus, Arg-177 in 2⅐HO and 3⅐HO is expected to exhibit less of an effect on the ET reaction with CPR than that of 1⅐HO. The k 2 data showing the order of 1⅐HO ϳ 2⅐HO Ͼ 3⅐HO are consistent with these considerations (Table 1) .
Unrestricted Hartree-Fock calculations were carried out to elucidate the contribution of the hydrogen bond to the redox reactions. The electronic states of Fe(III) and Fe(II) of 1⅐HO, 2⅐HO, and 3⅐HO were assumed to be high-spin (sextet) and low-spin (singlet), respectively. We used the coordination geometry of the Fe(Schiff-base), His-20, Asp-24, Tyr-130, and Arg-177 from the crystal structures as the fixed models. The calculated energy differences [⌬E (Fe(II)-Fe(III)) ] between both states of each model show the order of 1⅐HO (61.6 kcal͞mol) Ͼ 2⅐HO (52.8 kcal͞mol) Ͼ 3⅐HO (15.9 kcal͞mol). The results are consistent with the trend observed for the Fe(II)͞Fe(III) redox potentials (Table 1) . If it is assumed that the electron from NADPH͞CPR is transferred the to Fe III (Schiff-base) through hydrogen bonding with Arg-177, the unoccupied ␤ orbital of Arg-177 should be used to accept an electron from CPR with concomitant decrease in the energy level of the occupied orbital to the level of the ␣ orbital. However, we cannot compare the electron affinities of each Fe(III) model obtained from Koopmans' theorem (35) because they have different total charges. Thus, the efficiency of the hydrogen bond with Arg-177 on the ET reaction was estimated by using ⌬E (␤-␣) . Table 3 shows the energy values of the ␤ orbitals on Arg-177 and the corresponding ␣ orbitals. The trend in the energy difference between the ␣ and ␤ orbital is 1⅐HO Ͼ 2⅐HO Ͼ 3⅐HO (Table 3 ). These results suggest that the electron used to reduce Fe(III) in 1⅐HO is transferred from CPR to Arg-177 at a rate that is faster than the analogous rates for 2⅐HO and 3⅐HO. In fact, the reduction rate of 1⅐HO by NADPH͞CPR is greater than those of 2⅐HO and 3⅐HO. The experimental and theoretical results indicate that consideration of efficient ET is a very important characteristic for design of efficient artificial redox centers to be introduced into protein scaffolds.
In summary, this study provides a previously undescribed approach for regulation of ET reactions of synthetic metal complexes by taking advantage of the process of protein-protein complex formation of native ET biosystems. In particular, we have succeeded in fixing and reductively activating our Fe(Schiff-base) complexes in HO by using the hydrogen bond conserved within the native enzymatic system. Hydrogen-bonding and noncovalent interactions are also important in ET reactions of metalloproteins (4-6, 34, 36) . The results therefore suggest that ET properties of synthetic molecules in native biosystems could be regulated if they are designed to retain the conserved interactions in proteins. This approach may represent a significant advance toward the development of bioelectronics systems capable of activating or regulating numerous functions of synthetic molecules for biomedical and electronics applications. To a dimethylformamide (DMF) (1 ml) solution of 1⅐Cl (11.2 mg, 25 mol) was added AgBF 4 (4.8 mg, 25 mol), and the mixture was refluxed for 6 h, after which AgCl was precipitated and removed by celite filtration. The diluted solution (4 mM, 300 l) was slowly added to an aqueous solution of HO (100 M, 10 ml of 10 mM Tris⅐HCl buffer, pH 7.4) and gently stirred at 4°C for 30 min. The mixture was dialyzed against 10 mM Tris⅐HCl (pH 7.4) overnight at 4°C. After dialysis, the mixture was passed through Sephadex G25 (10 mM Tris⅐HCl buffer, pH 7.4). The composite was purified by DE52 (Whatman) and HiTrapQ (Amersham Pharmacia Biosciences) columns with linear gradients of potassium chloride (0-0.4 M) in 10 mM Tris⅐HCl buffer (pH 7.4). UV͞Vis: max 417 nm (͞m Ϫ1 ⅐cm Ϫ1 9,500), 365 nm (19,500), 328 nm (28,000), 282 Ϫ1/2 as described (37) (see Figs. 6 and 7, which are published as supporting information on the PNAS web site). The pseudo-first-order rate constants were obtained from absorption changes at 400 nm after flush mixing of Fe(Schiff-base)⅐HO composites (final concentration: 5 M) with Na 2 S 2 O 4 (final concentration: 100, 250, 500, 750, and 1,250 M) in 10 mM Tris⅐HCl (pH 7.4) at 15°C. The spectra were recorded on a stopped-f low RSP601 (UNISOKU, Osaka).
Materials and Methods
Determination of Reduction Rate Constant (k2) by NADPH͞CPR. The reduction rate constants (k 2 ) of Fe(Schiff-base)⅐HOs were determined according to a previous report (38) . Each k 2 was calculated from the slope of the observed pseudo-first-order rate constants vs. CPR concentration (see Figs. 8 Catalytic O2 Reduction by Fe III (Schiff-Base)⅐HO Composites. UV-vis spectral changes at 340 nm induced by NADPH consumption were recorded on an OOBIBase32 instrument (Ocean Optics). Oxygen consumption was measured by an oxygen electrode 9002SP (Toko Chemical Laboratories, Tokyo) and DO meter TD51 (Toko Chemical Laboratories) (see Fig. 10 , which is published as supporting information on the PNAS web site).
Each measurement was initiated with the addition of NADPH solution (final concentration: 100 M in 10 mM Tris⅐HCl, pH 7.4) into the protein mixture solution [final concentrations of Fe(Schiff-base)⅐HO, CPR, and superoxide dismutase are 2 and 1 M and 100 units, respectively, in 10 mM Tris⅐HCl buffer at pH 7.4 and 15°C] in a cuvette or an oxygen electrode cell (27) . The NADPH and O 2 consumption rates were monitored at the initial stage during the catalytic reaction (Fig. 4) to exclude the influence of side reactions caused by excess H 2 O 2 .
Molecular Orbital Calculations. All calculations were carried out by using the GAUSSIAN03 program package (Revision B03) (39) . We adopted x-ray crystallographic data for 1⅐HO, 2⅐HO, and 3⅐HO. All hydrogen atoms were added by using HYPERCHEM (Release 6; Hypercube, Gainesville, FL) and relaxed by Amber molecular mechanics calculations (40, 41) . The total charges of Fe(III) models of 1⅐HO, 2⅐HO, and 3⅐HO are 0, 0, and ϩ1, respectively. The Fe(III) and Fe(II) states were assumed high-spin (sextet) and low-spin (singlet), respectively.
The quality of the Gaussian type orbital basis functions used here is essentially identical to the valence double zeta plus single polarization level. All other experimental details are described in Supporting Text.
